Introduction
[2] Superstorms, the largest 2% magnetospheric disturbances with a minimum Dst index below À250 nT [Bell et al., 1997] , have received much attention lately. This is in part because the last solar cycle resulted in at least 10 such storms, a rather large percentage compared to the Bell et al. [1997] historical average. Several special sections of journals have been devoted to studies on the superstorms of July 2000 [see, e.g., Jordanova et al., 2001 Gopalswamy et al., 2005] .
[3] Mac-Mahon and Gonzalez [1997] made the finding that, during superstorms, an unusually high amount of energy goes into the ring current relative to other energy sinks (e.g., ionospheric Joule heating). This raises the question of whether the magnetosphere, and in particular the drivers of the ring current, are preferentially different during superstorms.
[4] There are two main driver terms for the storm-time ring current, the near-Earth plasma sheet and the large-scale convection electric field [Kozyra and Liemohn, 2003] . Several studies have examined these parameters for specific superstorms. Regarding the plasma sheet source population, several studies have commented on the existence of the superdense plasma sheet and its relationship to intense magnetic storms [e.g., Borovsky et al., 1997; Kozyra et al., 1998; Thomsen et al., 2003] . For instance, Øieroset et al. [2005] showed that the entire plasma sheet became cold and dense during an extended northward IMF interval, a result of reconnection poleward of the cusp . Others have also noted the strong relationship between superdense plasma sheets and preceding northward IMF intervals Lavraud et al., 2006a Lavraud et al., , 2006b ].
[5] Composition of the ring current source population is also a factor in storm strength. For the 29-31 October 2003 superstorms, Nosé et al. [2005] found that O + dominated the plasma sheet energy density in the near-Earth magnetotail. Others have also found a clear link between storm intensity and an increased O + density in the near-Earth plasma sheet and ring current [e.g., Young et al., 1982; Daglis et al., 1993; Pulkkinen et al., 2001; Fu et al., 2002] .
[6] The development of the large-scale electric field in the magnetosphere during superstorms has also been investigated recently. Hairston et al. [ , 2005 noted the saturation of the cross polar cap potential during superstorms, as seen by the DMSP spacecraft. They note that there seems to be a saturation limit of about 260 kV to this parameter. Liemohn et al. [2002] and Ebihara et al. [2005] conducted detailed modeling studies of particular superstorms, concluding that the development of the ring current during these events was consistent with the observed saturation of the cross polar cap potential. The region 2 field-aligned current pattern, and the resulting inner magnetospheric convection pattern, can be very complicated during intense magnetic storms [e.g., Liemohn and Brandt, 2005; Ebihara et al., 2005] . Similarly, Nishimura et al. [2007] analyzed Akebono electric field data during the November 1989 superstorm, finding the largest E-fields (up to 6 mV/m) deep within the inner magnetosphere, like the CRRES observations of Wygant et al. [1998] during the March 1991 superstorm.
[7] In this study, a systematic examination of the ring current source population is considered, in order to determine if it is unusually altered during superstorms relative to more normal magnetic storm events. In particular, the methodology of superposed epoch analysis of geosynchronous orbit plasma data will be used. Specifically, storms occurring during the last solar maximum are categorized into moderate, intense, and superstorms, and the resulting average plasma properties at geosynchronous orbit are compared and analyzed.
Methodology
[8] Superposed epoch analysis (SEA) is a method of combining data from similar but distinct events by defining an appropriate and identifiable reference time within each event to serve as a fiducial mark. Timelines for each event are set so that t = 0 at this reference time, allowing for the data to be compared, averaged, and analyzed. The timings of features in the SEA data are then relative to the common feature used to set the reference time for each event.
[9] Here, SEA is used on data from the magnetospheric plasma analyzer (MPA) instruments on the geosynchronously orbiting satellites operated by the Los Alamos National Laboratory (LANL). The MPA instruments are electrostatic analyzers that measure ion and electron fluxes from 0.1 eV up to 45 keV [Bame et al., 1993] . This technique has been used in many studies of this data set [e.g., Denton et al., 2005 Denton et al., , 2006 Lavraud et al., 2005; Zhang et al., 2006] . This work expands on the study of Zhang et al. [2006] , using the same time interval definition of solar maximum as they did for the baseline moderate and intense storms, but adding a new category of superstorms to the comparison.
[10] The LANL MPA data set is well suited for this type of analysis. At times during the last solar cycle, up to 7 LANL spacecraft were operating at geosynchronous orbit, providing good local time coverage for many of the events. By superposing the data from all similarly-sized storm events, it is possible to construct a view of the local time vs. epoch time plasma parameter development before, during, and after the storms for each event class.
[11] The details of the event selection and data processing are given by Zhang et al. [2006] . The hot ion fluxes (100 eV to 45 keV) are used in the moments calculation, a range that contains the bulk of the near-Earth plasma sheet density. An assumption in the moment calculation is that all ions are protons. This is not strictly true, and certainly may not be the case during large magnetic disturbances, but given the lack of specific composition information for all of the storm events, this assumption is applied. Note that Young et al. [1982] Fu et al. [2002] ). Enhancements in MPAderived densities during major magnetic storms may well be underestimated in this study if the ionospheric contribution to the plasma sheet is strong. If the plasma were completely O + instead of H + , the density would be four times higher than that computed assuming 100% H + content [see, e.g., Liemohn et al., 1999] . The temperature would be unaffected, because MPA measures E/q.
[12] A limitation placed on data selection is that the spacecraft should be in the plasma sheet. In order to exclude times when the spacecraft are in the magnetosheath, lowlatitude boundary layer, and magnetotail lobes, several criteria are applied, namely that 0.3 cm À3 < N HP < 6 cm À3 and T HP,perp > 2 keV [e.g., Korth et al., 1999] .
[13] Event selection is limited to the last solar maximum period. Specifically, the years 1999-2002 are used to define solar maximum for the moderate and intense magnetic storms. For the superstorms, the interval is extended from 1999 -2004, in order to increase the data statistics. The three storm categories are defined based on the parameter Dst*, which is the storm-time magnetic disturbance index Dst corrected for solar wind dynamic pressure P dyn [Gonzalez et al., 1994] ,
A correction for the contribution from the induced currents inside the Earth is not included in order to keep this definition consistent with others who have defined a Dst* threshold for storm magnitudes. The storm magnitude categories used here are as follows [Gonzalez et al., 1994; Bell et al., 1997] :
Intense storms : À250 nT < Dst min * À100 nT
Moderate storms : À100 nT < Dst min * À50 nT where the ''min'' subscript indicates the minimum Dst* value during that particular storm interval. This yields 63 moderate storms, 34 intense storms, and 10 superstorms for the superposed epoch analysis.
[14] The reference time chosen for this study is the same as that used by Zhang et al. [2006] , i.e., the time of Dst* min . This is a useful choice, because it aligns the data near the peak of the storm interval, when the ring current is building to its maximum intensity, and when the drivers of the ring current should be at their peak values as well.
Results
[15] Figure 1 shows the superposed epoch results for the moderate, intense, and superstorm classes, presenting local time-epoch time (LT-ET) distributions of the hot-ion density and temperature, compiled from the MPA moments, and the superposed Dst* time series for each storm category. The first two columns of Figure 1 are essentially the same as that from Zhang et al. [2006] . The color scales are linear and given to the right of each row. Purple (black) indicates values beyond the top (bottom) of the color scale. White indicates a lack of data for that grid cell in the LT-ET distribution.
[16] Some differences are evident between superstorms and the other two categories. First, the density is much higher during superstorms, showing several peaks in LT and ET. There appears to be a dawn and a dusk density peak at roughly 9 -12 hours prior to the Dst* minimum as well as an enhancement at all LTs coincident with Dst* min . Note that these early peaks are not because of a prior storm event corrupting the superposition average. Most of the superstorms are isolated events, and these early peaks are consistent features in the individual-storm MPA data plots. The midnight peaks are missing from the moderate and intense storm averages, and they have only a slight density increase near dusk. The temperature distribution shows a tendency toward lower average values with increasing storm size. In addition, there is a dramatic reduction in the observed temperature across all LTs right before Dst* min in the superstorm averages. When examining the individual storm data (not shown), it is seen that the density peaks are consistent features of most of the superstorms, and the averages are not being skewed by one or two extreme events.
[17] To more quantitatively investigate these results, Figures 2 and 3 present line plots of the average density and temperature for each storm category at specific ETs ( Figure 2 ) and LTs (Figure 3) . Figure 2 (LT profiles at specific ETs: À6 h, À4 h, and À2 h) reveals the magnitude of the superstorm density peaks and temperature troughs relative to those of the other storm categories. Figures 2a,  2b , and 2c show that all 3 storm classes develop a density peak just past dawn. It also clearly illustrates the development of a second peak at t = À2 h near dusk, a feature not seen in the other 2 storm categories. Figures 2d, 2e , and 2f show that all 3 storm classes develop a temperature minimum just past dawn. The minimum value is just slightly lower for superstorms, but within 1 keV of the moderate storm minimum value at all 3 ETs presented. The unique feature in the superstorm temperature profiles is the midnight/dusk temperature minimum. The entire superstorm temperature profile from midnight westward is depressed by 1 -3 keV relative to the other 2 storm categories, and the t = À2 h midnight minimum is nearly as deep as the postdawn minimum. The pre-dawn temperature maximum closely matches the temperature profiles of the other 2 storm categories in this sector.
[18] Figure 3 (ET series at specific LTs: 18, 00, and 04) further demonstrates the relative differences between the density and temperature extrema between the 3 storm categories. At dusk (LT = 18), there is a substantial density peak near t = 0, accompanied by a significant temperature Figure 1 . Superposed epoch data from the MPA instruments for different categories of storms at solar maximum, by column: (left) moderate, À100 nT < Dst* min À50 nT; (middle) intense, À250 nT < Dst* min À100 nT; and (right) superstorms, À250 nT Dst* min . (top) Hot ion density (in cm À3 ), (middle) hot ion temperature (in keV), and (bottom) Dst* (in nT). The shaded region around the red line in Figure 1 (bottom) shows the first and third quartiles of the Dst* range from the events within that category. 
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reduction. The temperature profile, however, appears to be a continuation of a trend seen between the moderate and intense storms; the intense storm averages also show a temperature dip just before Dst* min . At midnight (LT = 00), again there is a density spike and temperature drop near t = 0. Neither of these trends is seen in the other 2 storm categories. In the pre-dawn region (LT = 04), the density systematically increases with storm size and the temperature is relatively low for all 3 storm categories.
[19] Let us make a comment on the significance of these results. In general, the standard deviations (s) for density are less than 0.5 cm À3 for the moderate and intense storms, and vary between 0.5 to 1.8 cm À3 for the superstorm values. For temperature, moderate and intense storms have s < 0.5 keV, while superstorms have 0.5 < s < 2 keV. Usually, s is larger for higher n or T. We find that the features that we highlight in this paper are significant.
Discussion and Conclusions
[20] The data presented above shows clear similarities and differences between superstorms and other storm categories in these superposed geosynchronous orbit plasma data. Some of the differences follow a systematic trend with increasing storm size, while other differences are unique to the superstorm category. There are several conclusions that can be drawn from these results regarding geosynchronous plasma characteristics for storms at solar maximum.
[21] Regarding the similarities of superstorms with other storm classes, it is seen that there is: (1) a systematic temperature drop in the post-dawn sector, reaching 4 -6 keV regardless of storm size; (2) a systematic density enhancement in the post-dawn sector, which increases with storm size; and (3) a systematic temperature drop near dusk, which deepens with storm size.
[22] Regarding the unique differences of superstorms with other storm classes, it is seen that there is: (4) a rapid and large density increase across the nightside at the time of the storm peak; (5) a large density increase near dusk just before the storm peak; (6) a density peak $9 hours before the storm peak; and (7) a deep temperature minimum near midnight just before the storm peak.
[23] These findings lead to the conclusion that, within the source of the ring current as seen by the MPA instruments on the LANL-operated geosynchronous orbit satellites, there are some aspects of superstorms that are simply systematic extensions of features seen in moderate and intense storms at solar maximum. However, there are other aspects that are unique to the superstorm category. In particular, all categories of storms exhibit the development of a cold and dense plasma sheet in the dawn/post-dawn sector, but a defining characteristic of a superstorm is the existence of cold and dense near-Earth plasma sheet material at midnight and dusk. This additional cold, dense source population for the ring current allows for the development of a stronger ring current [e.g., Ebihara and Ejiri, 2000; Garner, 2003; Lemon et al., 2004; Lavraud and Jordanova, 2007] , and thus a deeper Dst* depression. The present study does not distinguish whether this additional cold, dense plasma sheet is of solar wind origin [e.g., Li et al., 2005; Lavraud et al., 2006a] or of ionospheric origin [e.g., Nosé et al., 2005] , just that it systematically exists during the main phase of superstorms. Note, however, that Lavraud et al. [2005] found the cold, dense plasma sheet to be H + dominated, even at solar maximum.
[24] It is concluded that the ring current source during superstorms is a combination of the usual storm-time characteristics as well as an unusually altered component. It is believed that these superstorm-specific characteristics are a primary cause of the extra-large ring current during such events, because they are different in a way that favors the development of a strong ring current. This result provides an explanation for the conclusion of Mac-Mahon and Gonzalez [1997] , who found that an unusually large Figure 2 . The vertical dashed line shows the zero epoch time.
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